Many studies have evaluated bundled interventions to improve hand hygiene compliance. However, there are few evidence-based recommendations on optimal interventions for implementation. We aimed to systematically review all studies on interventions to improve hand hygiene compliance to evaluate existing bundles and identify areas of promise to target high-quality studies. Adjusted risk ratios were pooled to assess common bundles. Of the 8148 studies evaluated, 6 randomized controlled trials and 39 quasi-experimental studies met inclusion criteria. Three studies evaluated the interventions education, reminders, feedback, administrative support, and access to alcohol-based hand rub as a bundle, which was associated with improved hand hygiene compliance ( pooled odds ratio [OR], 1.82; 95% confidence interval [CI], 1.69-1.97). Another bundle of education, reminders, and feedback evaluated in 3 studies was associated with improved compliance ( pooled OR, 1.47; 95% CI, 1.12-1.94). These bundles should be further studied using high-quality study designs and compared with other interventions.
Prevention of healthcare-associated infections (HAIs) is of the utmost importance due to high associated morbidity, the increase in antibiotic resistance, and the dwindling supply of new antibiotics in the pharmaceutical pipeline. Hand hygiene is important in preventing transmission of HAIs [1] . However, current rates of hand hygiene compliance range from 5% to 81%, with an average compliance of approximately 40% [2] .
In 2010, a Cochrane review was published on interventions to improve hand hygiene compliance [3] . However, it only included 4 "high quality" studies, and the primary conclusion was that more high-quality studies should be performed. Yet the Cochrane review excluded many quasi-experimental (QE) studies that could still inform selection of an optimal hand hygiene bundle. While it is true that some QE studies have been of poor quality, QE studies are often used to assess infection prevention interventions that are difficult to study with randomized trials and-when well designedcan produce unbiased estimates of effects [4] .
The aim of this current systematic literature review and meta-analysis was to systematically review all studies on interventions to improve hand hygiene compliance in order to evaluate existing compliance improvement bundles and identify areas of promise to target high quality intervention studies. We decided a priori to assess a commonly used bundle promoted by the World Health Organization and the US Veterans Health Administration [2, 5] . This bundle includes administrative support toward improved hand hygiene, access to alcohol-based hand rub (ABHR), performance feedback, education and reminders. Additionally, we aimed to evaluate the association between number of interventions in a hand hygiene bundle and improvement in compliance to determine whether bundle size has an effect on compliance. Future studies, as well as the pooled results of this meta-analysis, will then provide evidence-based recommendations to support current guidelines or guide modification of hand hygiene guidelines, and can be utilized by facilities interested in improving hand hygiene compliance.
METHODS

Search Strategy
This meta-analysis was conducted according to the Meta-analysis of Observational Studies in Epidemiology (MOOSE) and Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) checklists [6, 7] . A health sciences librarian (A.B.) performed literature searches in PubMed, Cumulative Index to Nursing and Allied Health (CINAHL), Cochrane Database of Systematic Reviews (CDSR), Database of Abstracts of Reviews of Effects (DARE), Cochrane Central Register of Controlled Trials (CENTRAL), Scopus (which includes EMBASE abstracts), and PsycINFO via PsycNET. The searches were limited to January 2000 through April 2012. The search strategy utilized components of the search strategy used in a Cochrane Systematic Review, but included additional Medical Subject Headings (MeSH) and keywords [3] . The entire search strategy is described in Supplementary Appendix 1. We reviewed the reference lists of retrieved articles to identify studies that were not identified from the preliminary literature searches.
This search was constrained to only the past 12 years for 3 reasons. First, the widespread use of ABHR was introduced around the year 2000 and has significantly changed how hand hygiene is performed and compliance is measured. Second, the Centers for Disease Control and Prevention Guidelines for Hand Hygiene in Healthcare Settings was published in 2002 and greatly changed how healthcare practitioners washed their hands, how hand hygiene compliance was measured, and how studies were performed. Third, the seminal publication by Pittet et al [8] , published in 2000, changed the way researchers studied bundled interventions to improve hand hygiene. Specifically, that bundle included posters placed in strategic positions and changed regularly, bedside and pocket-sized ABHRs, approval of senior hospital management that the hand hygiene program was a hospital-wide priority, new employee education, and regular performance feedback.
Inclusion and Exclusion Criteria
Publications were included if they assessed an intervention to improve healthcare practitioner hand hygiene in a healthcare setting, included a control group, and included numerator and denominator data on changes in hand hygiene compliance. Simple before-after studies with historical control groups were included. Studies were excluded if they were risk factor studies, did not include original data, did not include an intervention, did not evaluate hand hygiene compliance as an outcome, were written in a language other than English, or measured compliance by self-report or ABHR use only. Institutional review board approval was not required.
Data Extraction and Quality Assessment
Titles and abstracts of all articles were screened to assess whether they met inclusion criteria. Two of the 5 independent reviewers (M. L. S., E. N. P., H. S. R., M. O., M. A. W.) abstracted data for each article, and a third party (M. B. F.) compared the 2 sets of data for agreement. The first author (M. L. S.) reviewed all inconsistent assessments, and the reviewers resolved their disagreements by consensus.
The reviewers abstracted data on study design, population and setting, interventions tested, and measurement of hand hygiene compliance. We used the Jadad score to assess the quality of randomized controlled trials (RCTs) and the scale created by Larson to assess the quality of observational studies [9] [10] [11] . The Jadad score assesses whether the RCT used appropriate methods of randomization, performed double-blinding, and included descriptions of withdrawals and dropouts. The latter scale asked the following questions: Did the study attempt to avoid bias and control for confounding? Was the study successful at avoiding bias and controlling for confounding? Did the study include an appropriate control or comparison group? Were the operational definitions or description of the intervention clear? Was the statistical analysis adequate? Was adherence to the intervention monitored?
Additionally, we evaluated QE studies by whether the study performed time series analysis, described why randomization was not used, and stated the caveats of a QE design [4] .
When available, statistically adjusted risk ratios were abstracted from the literature and used in the meta-analyses. However, when statistically adjusted results were not available, raw data were abstracted. When studies assessed different types of hand hygiene opportunities separately (eg, before room entry and after room exit), we decided a priori to use data from room exit and room entry, followed by whatever additional data were provided. We decided to include both RCTs and QE studies because RCTs of interventions to improve hand hygiene are often prohibitively expensive and impractical because numerous sites are necessary for a cluster-randomized trial [4] .
Statistical Analysis
In order to meta-analyze the extracted data, we calculated the natural log of the risk ratio and variance. We employed both fixed-effects and random-effect models to obtain pooled risk ratio estimates, using Microsoft Excel 2007 and the Cochrane Review Manager (RevMan) version 5.1 [12] . To assess heterogeneity, we used the Cochran Q statistic, the I 2 statistic, and the results of stratified analyses based on the following a priori categories: study design, location, and setting. Publication bias was assessed using the Egger test with SAS version 9.2 (SAS Institute, Cary, North Carolina) [13] . Figure 1 summarizes the review process. Of the 8148 articles found in the search, 65 were reviewed in detail, and 46 studies on 45 independent populations met the inclusion criteria and contributed to the meta-analysis. Included studies are described in Table 1 . Most studies were performed in Europe (35.6%) or the United States (34.1%). There were 39 QE studies, of which 67% were before-after studies with a single preintervention and single postintervention group lacking a nonequivalent control group. There were also 4 cluster-randomized trials and 2 RCTs in which healthcare practitioners were the unit of randomization.
RESULTS
The most common study location was the intensive care unit (ICU; n = 23), followed by acute care units (n = 14) and entire hospitals (n = 7). Other study locations included long-term care facilities (n = 2), outpatient clinics (n = 1), dialysis units (n = 2), an infectious disease unit (n = 1), and a hematopoietic stem cell transplant/hematology unit (n = 1). Only 26.6% of included studies were publicly funded (Table 1) . Most studies (84%) measured hand hygiene compliance by direct human observation. However, 3 studies measured hand hygiene compliance using electronic counters in dispensers, 2 used electronic monitoring systems, and 2 used video cameras.
In general, the included studies were of moderate to low methodological quality. Among the 6 RCTs, the mean Jadad score was 2.5 out of 4 points. When methodological quality was assessed for QE studies using the questions designed by Larson et al, 25 .6% attempted to avoid bias and control for confounding, and of those, 60.0% were deemed successful at avoiding bias and controlling for confounding. Ninety percent included an appropriate control group, 87.2% had a clear description of the intervention, and among the 17 studies in which monitoring the intervention was deemed applicable, 52.9% monitored adherence to the intervention. Also, 64.1% performed adequate statistical analysis. All together, the QE studies had a mean score of 3 out of 6 points. Additionally, only 12.8% of the QE studies performed time-series analysis, 30.8% described why randomization was not used, and 43.6% stated the caveats of a QE design. Only 8 of the 45 studies did not find a statistically significant improvement in hand hygiene compliance. There was significant publication bias among these studies (P < .01).
Description of Individual Interventions
Among the 27 studies that assessed feedback, 3 studies solely provided feedback in person in a one-on-one setting, 6 studies solely provided feedback in person in a group setting, 8 provided written feedback, 9 used >1 type of feedback, and 1 study did not specify. When feedback was provided, 2 studies provided individual feedback, 3 studies provided feedback aggregated on the facility level, 7 provided feedback aggregated on the unit level, 1 study provided feedback aggregated on the provider level (eg, physician, nurse), 8 studies did a combination of these types, and 6 studies did not specify [8, 14-19, 22, 27, 28, 30, 31, 34, 36, 37, 39-42, 44, 45, 47-51, 54, 55] . Only 1 study evaluated feedback alone [31] , whereas the other studies included feedback in a bundle of other interventions.
Thirty studies included reminders as an intervention. Of these, 13 studies used signs or posters only, 1 study used posters and labels, 2 studies used automated electronic sound or voice prompts, 1 study used screen savers, and 13 used combinations of reminders [8, 14-17, 21, 22, 24-26, 28-30, 32-34, 36-40, 42, 43, 45, 47-54] . Twenty-eight studies included access to ABHR as an intervention. Of these, 16 studies used only wall-mounted dispensers, 3 studies used only pocket-sized bottles, 7 studies used both wall-mounted dispensers and pocket-sized bottles, 1 study used pocket-sized bottles and bedmounted dispensers, and 1 study did not specify [8, 14, 15, 18, 19, 20, 22, 23, 25, 27, 28, 30, 32-38, 40, 43, 44, 46, 48-50, 52-54] . Meta-analyses of single interventions to improve hand hygiene compliance could not be performed because there were few studies that assessed individual interventions, and those studies that did assess the same intervention were very heterogeneous. For example, 4 studies evaluated access to ABHR alone, and the results of those studies ranged from no effect (odds ratio [OR], 0.96; 95% confidence interval [CI], .46-2.00) to a strong effect (OR, 2.12; 95% CI, 1.72-2.61) [20, 23, 35, 46] . When these results were pooled together, the summary was highly heterogeneous (P < .01; I 2 = 84%). Thus, these studies were too different from one another to be pooled into a unified risk estimate.
Bundled Interventions
Overall, 78% of the included studies assessed a bundle of >1 intervention. The mean number of interventions assessed in a bundle was 3 (range, 2-7). The most common interventions were education, reminders, feedback, and access to ABHR. Interestingly, studies that assessed a larger number of interventions to improve hand hygiene did not see larger increases in hand hygiene compliance. For instance, when the results of studies that used only 1 or 2 interventions were pooled, there was approximately a 3-fold increase in hand hygiene compliance ( pooled OR [ pOR], 3.44; 95% CI, 1.11-10.68; n = 13), which was higher than the increase seen in bundles of 3 or 4 interventions ( pOR, 2.16; 95% CI, 1.82-2.55; n = 20) or bundles of ≥5 interventions ( pOR, 2.49; 95% CI, 1.74-3.56; n = 12). Five QE studies assessed a bundle that included solely feedback, education, and reminders [17, 39, 42, 45, 51] . Three of these studies were performed in neonatal ICUs (NICUs), 1 was performed on an infectious disease ward and a dialysis ward, and 1 was performed at 3 different hospitals. Four of these studies used ABHR at baseline and continued to use it during the intervention period, whereas 1 study was performed before widespread implementation of ABHR (Table 1) . Three studies provided feedback on compliance aggregated at the unit level, 1 study provided feedback on the individual level and on the unit level, and 1 study stated that feedback was given to all nurses during a hospital-wide educational session. All of these studies provided education in a group setting and used posters as reminders, and 1 study also used labels. When these studies were pooled together, there was a significant association between use of the bundle and improved hand hygiene compliance compared with standard of care ( pOR, 2.68; 95% CI, 1.24-5.81). However, these results were heterogeneous (heterogeneity P < .01; I 2 = 97%). When only studies performed in NICUs were included, the results remained statistically significant and were homogeneous (Figure 2A ) [39, 45, 51] . Five publications of 4 original studies assessed the effectiveness of the bundle promoted by the World Health Organization and the US Veterans Health Administration [2, 5, 8, 15, 28, 48, 50] . This bundle included the 3 interventions described in the bundle above-feedback, education, and reminders-as well as 2 other interventions (access to ABHR and administrative support). Three of the 4 studies were from the same research group. Two of these studies took place in the United States, 1 study took place in Geneva, Switzerland, and 1 study took place in Mali, Africa. Whereas many other studies compared a bundle of interventions to standard care (Table 1) , these 4 studies all compared the bundle of interventions to a different intervention. One study compared the full bundle to education alone, 2 studies compared the full bundle to improved access to ABHR alone, and 1 study implemented access to hand rub, soap, towels, and a safe continuous water supply during the baseline period. All 4 studies provided statistically adjusted ORs. When the results of these studies were pooled together, a statistically significant improvement in compliance was seen ( pOR, 1.88; 95% CI, 1.69-2.09); however, there was moderate heterogeneity between the studies (heterogeneity P = .13; I 2 = 46%). The results remained statistically significant and were homogeneous when the study by Allegranzi et al was removed [48] ( Figure 2B ). The study by Allegranzi et al was slightly different from the other studies because it took place in a setting that recently gained access to hand hygiene basics such as access to soap, towels, and a safe continuous water supply, whereas this had been a longstanding part of the standard of care for the other studies [48] . Thus, it is not surprising that the OR associated with that study was 30% higher than the next highest OR in that group of studies (OR = 2.5 vs OR = 1.92).
DISCUSSION
This systematic literature review and meta-analysis identified 2 bundled interventions that were associated with an increase in hand hygiene compliance. The first of these 2 bundles included feedback, education, and reminders, and the second bundle included those interventions as well as improved access to ABHR and administrative support. However, most studies were before-after QE studies with a single preintervention historical control group and single postintervention experimental group, lacking more robust QE methods such as inclusion of a nonequivalent control group. This suggests a need for investments in additional high-quality research studies of interventions targeting hand hygiene compliance. Our findings are consistent with prior systematic reviews. The Cochrane Collaboration review included only 4 studies on interventions to improve hand hygiene compliance and recommended that more high-quality studies be performed [3] . Similarly, another review of behavioral interventions to reduce rates of HAIs also included only 4 high-quality studies, and found that educational programs and multi-disciplinary teams may be Figure 2 . Forest plots of the associations between bundles of interventions and improved hand hygiene compliance. A, Association between bundle that included education, feedback, and reminders and improved hand hygiene compliance in neonatal intensive care units. B, Association between bundle that included education, feedback, reminders, access to alcohol-based hand rub, and improved hand hygiene compliance. Abbreviations: CI, confidence interval; IV, inverse variance weighting; SE, standard error.
effective at reducing rates of HAIs [11] . Huis et al reviewed interventions by determinants of behavior change and found that the effect size of the improvement in hand hygiene increased when more determinants were addressed [56] . Our metaanalysis did not see an increase in effect size when more bundle components were addressed; however, the 2 bundles that we found to be associated with increased hand hygiene compliance each included >1 determinant of behavior change.
A review by Naikoba and Hayward assessed studies published before the year 2000 and found that half of the studies assessed only 1 intervention. In contrast, our more recent metaanalysis found that 78% of the included studies assessed a bundle of interventions. Thus, there appears to be an increased adoption of hand hygiene bundles. That review also found that a multifaceted approach combining education, reminders, and feedback can improve hand hygiene compliance, which is consistent with our results [57] .
A limitation of our study was that most studies included in our meta-analysis used standard care practices when measuring baseline or control hand hygiene compliance. This is problematic both because standard care practices may vary, causing heterogeneity between our study results, and because interventions were not compared head-to-head to determine which interventions are superior. Also, there was heterogeneity in the methods of hand hygiene compliance measurement across the different studies, heterogeneity in the definitions of hand hygiene opportunity, and heterogeneity in how the interventions (eg, feedback) were implemented. Finally, meta-analyses are only as valid as the studies that contribute to the pooled risk ratio. We included many studies that were before-after QE studies, which are subject to multiple biases [4] . Therefore, the results of these meta-analyses should be interpreted with caution, and higher quality hand hygiene studies should be performed.
Future studies should use study designs with higher internal validity, such as cluster-randomized trials. If a cluster-randomized trial is not feasible, QE study designs that include nonequivalent control groups, multiple preintervention and postintervention measurements, and advanced statistical methods (eg, time series) can be used [4, 58] . Future studies should also determine the hand hygiene compliance rate necessary to control the transmission of HAIs. Bundles that only increase compliance from 30% to 50% may not be sufficient for controlling transmission. Additionally, as noted by Aboelela et al, although the "care bundling" concept was used, there is a lack of strong evidence of efficacy for each component of the bundle [11] . Thus, rather than using standard of care as the control group, future studies should compare different interventions head-to-head to determine which intervention or bundle of interventions is most effective.
Based on the current limited evidence, bundles including education, feedback, reminders, access to ABHR, and administrative support are effective at improving hand hygiene compliance. However, higher-quality studies are needed to validate these results and examine questions such as which specific component interventions should be included in a bundle. Hand hygiene is the critical intervention underlying modern infection prevention efforts. More emphasis should be placed on expanding the evidence base supporting this critical public health measure.
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